Varifocal imaging using an optical lens that employs acoustic radiation force and a viscoelastic material and that has no mechanical moving parts is investigated. The lens has a simple and thin structure that consists of an annular ultrasonic transducer and silicone gel. An axially symmetric acoustic standing wave can be generated in the gel by exciting a vibration mode in the radial direction on the transducer. The lens profile can be altered by varying the acoustic radiation force of the transducer. The focal length can be controlled by varying the transducer input voltage so that the lens functions as a variable-focus lens.
Introduction
Crystalline lenses in the human eye change their shape to control the focal point. Most camera modules require actuators and a gearing system to move the position of the lens in order to focus on an object. Several studies have reported variable-focus liquid lenses that do not contain any moving mechanical parts. Most liquid lenses utilize electrowetting to vary the lens shape, but this mechanism gives relatively long response times of the order of tens of milliseconds [1, 2] . Several studies have reported variable-focus liquid lenses that utilize sound pressure. L pez and Hirsa have developed an oscillating liquid lens that changes its focal length by changing its shape when excited by an audible sound, allowing it to be used as a variable-focus lens [3] . We have developed a liquid lens that utilizes acoustic radiation force; it has a shortest response time of 6.7 ms [4, 5, 6, 7] . However, these conventional liquid lenses are sensitive to the ambient temperature because their optical properties depend on the temperature dependences of the interfacial tension and the liquid viscosities. Since the lens profile is determined by the contact angle between the two liquids, which depends on the interfacial tension between the two liquids, the temperature dependence of the interfacial tension directly affects the lens profile. The optical properties and the dynamic response of the lens also depend on the kinematic viscosity of the liquids because the propagation loss of sound waves increases with increasing viscosity [4] . Furthermore, microbubble generation and erosion of the liquids reduce the operating life of liquid lenses. The present study investigates a variable-focus lens that has a simple and thin structure and that uses a silicone gel, which is stable with temperature and does not generate bubbles. Figure 1 shows the configuration of the lens. ±10% in the range 0-100 ˚C. The viscoelastic properties of the silicone gel can be controlled by controlling the mixture ratio of KE-1502-A and -B; this ratio was 1:0.7 in the prototype. A silicone gel layer was formed by attaching a 0.1-mm-thick polyethylene terephthalate (PET) film to one side of the PZT ring to prevent the silicone gel from flowing out. After molding, the shape of the gel layer changed little when the ambient temperature was varied in the range 0-100 ˚C. An acoustic standing wave is efficiently generated in the silicone gel at the center of the ring by exciting a vibration mode in the radial direction (r direction in figure 2(a)) in the PZT ring. A finite element analysis (FEA) simulation using commercial FEA software ANSYS 11.0 (ANSYS, Inc., Canonsburg, PA, US) predicts that a vibration mode in the radial direction will be generated in the PZT ring at 222 kHz (see figure 2(a) ). The simulation model includes the gel and the PET film; a continuous sinusoidal voltage was applied to the electrodes of the PZT ring as the boundary condition. A half-wavelength standing wave is generated between the inner and outer diameters of the lens. The standing wave has a nodal circle at r = 11.25 mm, which is suitable to be supported. Figure 2(b) shows the sound pressure amplitude distribution in the gel at 222 kHz calculated by FEA. FEA predicts that an acoustic standing wave with two concentric nodal circles will be generated in the gel and that the sound pressure amplitude will be largest on the central axis. The sound pressure distribution in the gel obtained by FEA was similar to a Bessel function, which is the theoretical solution for a disk cavity [8] . By utilizing the resonance frequency of the vibration mode in the radial direction of the PZT ring, which is almost entirely determined by the inner and outer diameters and is almost independent of the ring thickness, thin and compact lenses can be developed for use in MEMS.
Configuration

Results and discussions
When an ultrasound standing wave at 222 kHz is excited in the silicone gel, a difference in the acoustic energy densities of the gel and air is generated at the lens surface. This is because most of the acoustic energy generated by the PZT ring vibrations remains in the gel because it is reflected at the lens surface due to the large acoustic impedance difference between the gel and air. This discontinuity in the acoustic energy density generates a static force on the lens surface, which is called the acoustic radiation force [9] . The acoustic radiation force acts from the higher energy density medium (the gel) to the lower energy density medium (air) so that the lens surface is statically deformed toward air. square of the sound pressure amplitude p 2 calculated by FEA (see figure 3(b) ) since the acoustic radiation force is a function of p 2 . The center of the lens surface was statically deformed outward. The displacement amplitude increased with increasing input voltage since the larger input voltage generates a larger acoustic radiation force; the displacement amplitude was approximately 150 µm for an input of 21 V pp . The vibrations at 226 kHz overlapped on the statically deformed lens surface. This vibrational displacement amplitude was considerably smaller than the static displacement amplitude (it was tens of nanometers for 21 V pp ). The lens surface was deformed only at the center axis, which corresponds to the predicted peak position of p 2 in the gel by FEA. The lens profile is determined by the balance between the acoustic radiation force, the surface tension, and the elastic restoring force of the gel. The PET film on the reverse side was deformed much less than the gel. The displacement amplitude should be less than 7.7 µm, which is the spatial resolution of OCT. The effect of gravity on the lens profile is considered to be small since no change in the gel surface was observed by OCT when the lens was inverted. Figure 4 shows the light paths calculated by ray tracing for a lens excited by voltages between 0 and 21 V pp . The lens aperture is considered to act as a variable-focus lens and incident light with a beam width of 2 mm passed through the lens from left to right. The lens profiles obtained by OCT (see figure 3) were used in the simulation. When no input voltage is applied, the lens functions as a concave lens with a radius of curvature of 84 mm. By controlling the input voltage, the transmitted light was focused and the focal point of the lens could be varied. Increasing the input voltage reduces the focal length; the focal length was approximately 24 mm from the lens surface when the input voltage was 21 V pp .
The dynamic response of the lens was investigated by changing the focal point. A resolution test target (1951 USAF) and an image of a swallow on a glass plate were positioned parallel to the lens at distances of 10 and 23 mm from the lens surface, respectively. A high-speed camera with a commercial lens was employed and optical images were captured through the prototype lens so that the focal point of the camera corresponded to the position of the swallow (i.e., 23 mm) when no voltage was applied to the lens. The transient motion of the lens surface along the central axis was observed by M-mode OCT. Figure 5 shows sequential optical images and the transient response of the lens surface. The lens was excited by 20 V pp at t < 0 and the input voltage was switched off at t = 0. When the excitation voltage was switched off, the lens surface began to move to its default position and the focal point moved from 10 to 23 mm (i.e., from the resolution test target to the image of the swallow). The response time of the lens, which corresponds to the duration of the transient state, was 
Conclusions
A variable-focus optical lens that employs a viscoelastic material and acoustic radiation force was proposed. This lens has a simple and thin profile and consists of a PZT ring and silicone gel. The optical profile of the lens was investigated. The focal point could be controlled by varying the input voltage so that the lens acted as a variable-focus lens. 
